Objective: To understand how, biologically, the acute event of traumatic brain injury gives rise to a longterm disease, we address the relationship between evolving cortical and subcortical brain damage and measures of functional outcome and cognitive functioning at six months post-injury.
Methods
Center. Inclusion criteria were an admission Glasgow Coma Scale (GCS) 18 ≤8, or an admission GCS of 9−14 with computerized tomography (CT) evidence of intracranial bleeding. Exclusion criteria were a GCS>14 with non-significant head CT, history of neurologic disease or TBI, brain death, or unsuitability to enter the MR environment. Six patients never underwent the acute MRI session (due to acute complications), six died prior to the six-months follow-up visit, and 29 more failed to return for follow-up. Of the 116 patients who underwent both MRI sessions, image segmentation failure (at either time-point) resulted in the further exclusion of 3 subcortical and 24 cortical datasets, leading to a final sample of 113 and 92 high-quality, two time-point, subcortical and cortical datasets, respectively (see Fig. 1 ). The study was approved by the UCLA IRB and informed assent and consent was obtained per state regulations.
Insert table 1 about here Procedure
At each time-point (acute and follow-up) we collected MRI and clinical data (i.e., GCS and in-person Glasgow Outcome Scale extended interview, GOSe, 19 for the acute and follow-up sessions, respectively). A subset of patients (N=33) also underwent more detailed neuropsychological T1-weighted MP-RAGE (TR=2,250ms, TE=2.299ms) and T2-weighted FLAIR (TR=8,000ms, TE=70ms) data were acquired across multiple 3 Tesla (Siemens Allegra, Tim Trio, Prisma) and 1.5 Tesla (Siemens Avanto, Sonata) MRIs. Parameters differed across acquisitions and over time, but always resulted in an approximate 1mm 3 resolution for the MP-RAGE and 0.5×0.5×3 mm for the FLAIR data. As shown previously, these variations, typical of clinical research, do not significantly affect large group analyses. 12, 21 Shape analysis MR data were combined to allow segmentation of cortical and subcortical regions and voxelwise local measures of atrophy/growth (i.e., shape analysis, Figure 2 ) then entered into two sets of analyses: (i) brain shape analysis, a voxelwise analysis for assessing cortical and subcortical shape across time along with functional outcome (i.e., GOSe), and aggregate neuropsychological measures; and (ii) modeling analysis, combining demographic, clinical, and brain shape data to classify good versus bad functional outcome and explain neuropsychological performance.
MRI data acquisition
Subcortical data processing. Subcortical shape measures were calculated using the FMRIB software library (FSL),), 22, 23 similarly to previous work. 8, 12 In brief, MR images were brain-extracted, 24 then thalamus, caudate, putamen, pallidum, hippocampus, and brainstem were segmented, 22 for each patient, time-point, and hemisphere separately. From each segmentation we derived a 3-dimensional mesh used for shape analysis. Shape analysis can compare, for each mesh, the normal vector at each vertex across the two time-points. Vertices moving inwards over time are conventionally interpreted as atrophy, vertices moving outwards are interpreted as tissue expansion. 22 In addition, we calculated, for each patient, the normalized brain volume at each time point and the percent brain volume change (PBVC) over time 25 to ensure that results reflect local shape change (e.g., local atrophy) as opposed to differences in head size or global atrophy (cf., 7, 8 ) .
Cortical data processing. To extract cortical shape (i.e., ribbon thickness) estimates, we employed the longitudinal stream in FreeSurfer for skull-stripping, spatial normalization, atlas co-registration, spherical surface mapping, and ROI parcellation, all performed on a within-subject template to increase reliability.
Longitudinal comparisons of shape measurements were performed within-subject, while group analyses used a cohort-specific average template, which facilitates registration of severely damaged brains and allows removing pose and global scaling across different scanners. All segmentations were visually checked; 24 cortical datasets and 3 subcortical datasets were rejected due to poor segmentation quality Statistical analysis. After data processing, the reconstructed 3-dimensional meshes were entered as dependent variables in three group analyses. First, we assessed average acute-to-follow-up shape change over time (henceforth, time analysis). Second, we assessed the relationship between shape change and severity of impairment at six-month (i.e., GOSe; henceforth, outcome analysis). Finally, we assessed the relationship between shape change and aggregate neuropsychological measures of attention, executive functions, and episodic memory at follow-up (henceforth, cognitive impairment analysis). In all analyses, sex, age at injury, days post-injury at acute and follow-up MRI, PBVC, and MRI machine were included as covariates. Significance was assessed with non-parametric permutation testing, at p<0..05 corrected for multiple comparisons using a family-wise cluster correction. [26] [27] [28] [29] 
Modeling analysis
In the modeling analysis, we combine demographic, clinical, and experimental (e.g., days post-injury at follow-up) variables with acute, follow-up, and change (i.e., acute-to-follow-up) shape measures to (i) classify good/bad functional outcome at six months and (ii) assess their association with performance on neuropsychological measures. Data preprocessing. Prior to modeling analysis we performed two additional preprocessing steps similarly to previous work 7, 8 . Because the shape data are voxelwise, we averaged shape measurements over ROIs derived from established atlases and submitted the resulting average values to three principal component analyses (PCA, with varimax rotation). Atlases used included the Oxford connectivity atlas (for thalamus), 30 the Oxford-Imanova connectivity atlas (for striatum), 31 the ATAC globalus pallidus atlas (for the pallidum), 32 the Desikan-Killiany cortical atlas (for cortex), 33 and the Harvard-Oxford atlas (for hippocampus, nucleus accumbens, and amygdala). 34 The resulting components from each PCA will be referred to as MRI 1w , MRI 6m , and MRI Δ for acute, follow-up, and change-over-time data, respectively. Because of significant correlations within demographic (age, sex), acute clinical measurements (GCS subscales, total), and experimental variables (i.e., days post-injury of the acute MRI, days post-injury of the follow-up MRI, and days in-between the two MRI sessions), these variables were also submitted to a fourth PCA (henceforth "observational" components). For each PCA, we retained components with eigenvalue >1.
Functional outcome modeling. A binary logistic regression was employed to classify good (GOSe ≥5; N=75) versus bad (GOSe ≤4; N=38) functional outcome at six months. To evaluate the relative contribution of each group of predictor components we employed a hierarchical approach in which each set of predictors was entered sequentially (in the following order: observational, MRI 1w , MRI 6m , and MRI Δ components). At each step, predictor variables were selected using a conventional stepwise selection.
Neuropsychological performance modeling. Hierarchical linear regressions, implemented with the same approach described above, were employed to assess the association between observational and MRI components and aggregate scores of attention, executive functions, and episodic memory.
Results

Shape analysis
The time analysis shows that patients surviving moderate-to-severe TBI undergo extensive thinning of the cortical ribbon (with significant thinning in 75% and 71% of left and right hemispheres, respectively, covering an area of 43,703 and 42,128 mm 2 ), particularly in polymodal cortical regions in bilateral prefrontal, superior parietal, superior temporal, lateral occipital, and medial cortices ( Fig.   3a , Tab. S1). In subcortical regions, maximal atrophy over time was observed in left (39% of ROI's vertices) and right (47%) thalamus (mediodorsal and ventral regions connecting to prefrontal, temporal, and posterior parietal cortices), left (28%) and right (12%) caudate, left (10%) and right (24%) hippocampus, and right putamen (25%).
Outcome analysis shows that only a relatively small subset of the broad pattern of damage reported above is related to a patient's functional outcome at six months, as captured by the in-person GOSe evaluation 
Modeling analysis
Functional outcome modeling. Predicting good/bad outcome from observational (i.e., clinical, demographic, and experimental variables) components alone (i.e., Model 1), as well from observational and acute MRI (i.e., MRI 1w ) components together (i.e., Model 2), resulted in good sensitivity (88% and 87%, respectively) but extremely low specificity (29% and 37%, respectively) ( Fig. 4 , Tab. S6). Adjusting for unbalanced outcome categories by the H-measure, 35, 36 classification performance was poor for both models (19% and 20%, respectively). Addition of follow-up (i.e., MRI 6m ) and the change (i.e. MRI Δ ) components (i.e., Models 3 and 4, respectively) enhanced specificity (76% and 95%, respectively), while offering comparable or greater sensitivity (89% and 96%, respectively), thus greatly ameliorating classification performance (H-measure: 68% and 90%, respectively). 
Discussion
In this work we address the influence of silent non-ischemic brain atrophy after moderate-to-severe TBI and its relationship to functional outcome and cognitive abilities at six months. In line with previous small cohort studies, 7, 8 we show that over the first six months post-injury patients undergo systematic atrophy and cortical thinning across large areas of the brain spanning most of cortex, including bilateral polymodal association regions, and subcortical areas, including bilateral thalamus, left pallidum and caudate. Yet, we find that only a relatively small subset of this pattern of damage, mainly in subcortical regions, is related to functional outcome and cognitive performance at six months. For both, the maximal atrophy was consistently found within the left dorsal aspect of thalamus, along its rostro-caudal axis, either exclusively or accompanied by atrophy in the homologous region in the right thalamus. This pattern matches closely the atrophy observed in brain injury patients with profound chronic impairment (e.g., patients with GOSe ≤3), 12 suggesting that the biology of long-term impairment might well be established, to some degree, within the first few months post-injury. This finding is consistent with the known network vulnerability of specific central thalamic nuclei following Table S7 ). As in Figure 5 , for state measurements (i.e., MRI 6m ) lower numbers on the x-axis indicate less atrophy/thinning, for change variables (i.e., MRI ∆ ) lower/negative numbers on the x-axis indicate greater atrophy over time.
severe brain injury 37 and with the finding that thalamic lesions cause a disruption of the modular structure of cortical functional networks. 38 Furthermore, the systematic relationship between atrophy in thalamus and performance on neuropsychological assessments of attention, executive functions, and episodic memory, offers a possible direct link between the secondary processes triggered by TBI and long-term cognitive disorders for which TBI patients are known to be at increased risk. 1, 2, 4 This idea is consistent with the tight association between lesion extent in the mediodorsal and intralaminar thalamic nuclei and increased impairment in executive functions and attention, 17, 39 episodic memory performance, 14 as well as the association between thalamic integrity and dysexecutive syndrome in small samples of mild to severe chronic TBI survivors, 13, 15 presumably as a consequence of a broader network disruption caused by the thalamic damage itself. 13, 16 Our analysis also reveals systematic and persistent association between pallidal atrophy and clinical measures. While this structure is generally understudied, it has been reported to be atrophic in proportion to the impairment of arousal in chronic patients with disorders of consciousness, 12 and has been shown to lead, post resection, to attentionalexecutive sequelae in a small sample of Parkinson's disease patients. 40 Furthermore, studies in healthy volunteers undergoing anesthesia have also shown the pallidum to play an important role in the context of loss and recovery of consciousness. 41 The precise contribution of this region in the context of longterm outcome after TBI remains to be investigated.
Finally, our modeling work shows that it is very difficult to accurately predict outcome on the basis of acute clinical (i.e., GCS), demographic (i.e., age, sex), and imaging data alone. Conversely, once chronic and change-over-time information are also considered, classification performance reaches 90% -albeit no longer being a prediction. Furthermore, the key variables for successful classification appear to be the acute thalamic atrophy and the degree of secondary atrophy occurring over time, particularly in the regions of left thalamus connecting to prefrontal, temporal, and posterior parietal cortices. That is to say, the intercept (i.e., the initial state) and slope (i.e., the change-over-time) of thalamic atrophy. Consistent with the results of the shape analysis and the previous literature mentioned above, the central role of thalamus in recovery from brain injury is further underscored by the fact that thalamic atrophy at follow-up was the one phenotype associated, negatively, with performance in all cognitive domains.
These results have certain limitations. First, while measuring brain pathology with conventional clinical MRI makes our findings directly translatable to routine practice, the finer biology of the observed processes is unassessed. Second, use of consecutive sampling increases representativeness of the broader patient population admitted in an intensive care context following moderate-to-severe TBI, but potential bias due to local factors (e.g., the TBI profiles more prevalent in the region) is possible. Third, we measured the association between cognitive function and brain pathology with aggregate scores of attention, executive ability, and episodic memory; future work will have to address different aggregation strategies related to specific atrophy patterns, as specific cognitive sub-processes often contribute multiple abilities (indeed recent data suggest thalamus might best be characterized as a global hub sub-serving multiple cognitive functions 38 ). Fourth, further studies following patients over years and decades will be needed to fully assess and generalize our proposal with respect to other important long-term consequences of TBI, such as the development of neurodegenerative disorders. 2 Finally, the relatively low association between cortical atrophy and clinical measures, as compared with the systematic and strong associations found with thalamus, might reflect both greater heterogeneity across patients as well as specific aspects of brain architecture (i.e., network vulnerability of central thalamic neurons 32 ).
In conclusion, this work presents, in the largest cohort to date, a picture in which TBI results in a minimum common denominator injury pattern, as a consequence of network vulnerability of specific thalamic nuclei. 37 This pattern matches a known key phenotype of profound long-term impairment Thal=thalamus; Pariet=parietal lobe.) Figure 6 : Partial plots for significant predictors for (a) aggregate score of attention, (b) aggregate score of executive functions, and (c) aggregate score of episodic memory (cf., Tab. S6). As for the previous figure, for state measurements (i.e., MRI 6m ) lower numbers on the x-axis indicate less atrophy/thinning, for change variables (i.e., MRI ∆ ) lower/negative numbers on the x-axis indicate greater atrophy over time.
